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Abstract : The Antarctic ice sheet is the largest block of ice on Earth , a tiny change of its ice sheet will have 
a significant impact on sea level change, so it plays an important role in global climate change. The Gravity 
Recovery and Climate Experiment ( GRACE) mission, launched in 2002, provides an alternative method to 
monitor the Antarctic ice mass variation. The latest Release Level 05 ( RL05) version of GRACE time-variable 
gravity ( TVG) data, derived from GRACE observations with improved quality and time-span over 10 years, 
were released by three GRACE data centers (CSR, JPL and GFZ) in April2012, which gives us a chance to 
re-estimate the ice mass change over Antarctic more accurately. In this paper, we examine ice mass changes in 
regional scale, including Antarctic Peninsula ( AP, West Antarctica) , Amundsen Sea Embayment ( ASE, 
West Antarctica), Lambert-Amery System (LAS, East Antarctica) and 27 drainage basins based on three da-
ta sets. 
The AP mass change rates are -12. 03±0. 74 Gt/a ( CSR, 2004-2012), -13. 92±2. 33 Gt/a (JPL, 2004 
-2012), -12. 28±0. 76 Gt/a ( GFZ, 2005-2012), with an acceleration of -1. 50±0. 25 Gt/a2 , -1. 54± 
0. 26 Gt/ a2 , -0. 46±0. 28 Gt/ a2 respectively, the ASE mass change rates are -89. 22± 1. 93 Gt/ a, -86. 28± 
2. 20 Gt/a, -83. 67±1. 76 Gt/a with an acceleration of -10. 03±0. 65 Gt/a2 , -8. 74±0. 74 Gt/a2 and -5. 69 
±0. 68 Gt/a2 , and the LAS mass change rates are -4. 31±1. 95 Gt/a, -7. 29±2. 84 Gt/a, 1. 20±1. 35 Gt/a 
with an acceleration of -0. 18±0. 62 Gt/a2 , 3. 55±0. 95 Gt/a2 and 0. 97±0. 49 Gt/a2 • The mass change rates 
derived from the three RL05 data are very close to each other both in AP and ASE with the uncertainties much 
amaller than the change rates , and mass losses are significantly accelerated since 2007 in AP and 2006 in 
ASE, respectively. However, the mass change rates are significantly different in LAS, negative rate from CSR 
and JPL data, but positive rate from GFZ data, the uncertainties are even larger than the correspondent change 
rates. With regard to the 27 drainage basins , seven basins ( basin 3-9) located in the east Antarctica show 
positive mass change rates, and the rest twenty basins are characterized by negative mass change rates during 
the time span of the three RL05 data. 
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1 Introduction 
If the Antarctica ice sheet melts , the sea level will rise 
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56. 6 m 111 . The two big contributors for the global sea 
level rising are the Greenland and Antarctica12-41 , from 
which we can see that better knowledge of the mass 
changes of Antarctica plays an important role to predict 
the global sea level and climate change. 
Observations of Antarctic ice-sheet changes can be 
performed by several technologies , such as satellite 
gravimetry (e.g. GRACE) and satellite altimetry (e.g. 
ICEsat) . The GRACE mission, twin satellites Amunds-
en on March 17 , 2002 , can provide direct mass 
change estimates monthly intervals since 2002 , with 
the accuracy of about 400 km resolution 1' 1 and about 
I em equal water height 1 ' 1 . Many researchers analyze 
the mass change of Antarctica Ice sheet ( AIS) with the 
range from about -80 Gt/a to -200 Gt/a17-121 . Using 
the new release RL05 data, Barletta et a! 171 estimated 
the mass changes from Jan. 2003 to Nov. 2011 of Ant-
arctica and found the mass loss is -83±36 Gt/a ( -111 
±15 Gt/a in the western part). Sasgen et ai1' 1 showed 
that the largest mass loss is the northern Antarctic Pen-
insula and the Amundsen Sea sector ( 26 ± 3 Gt/ a and 
-127 ± 7 Gt/ a, respectively) , and a slightly positive 
mass balance ( 26± 13 Gt/ a) occurred in East Antarcti-
ca. Velicogna et al1' 1 obtained the mass change of Ant-
arctic from Jan. 2003 to Nov. 2012 as -83±49 Gt/a 
(U05_R2 GIA model) and -147±80 Gt/a (ICE5G 
GIA model ) , and found an accelerated mass losing 
from the southeast pacific sector of West Antarctica and 
the Antarctic Peninsula. Ju et a! 1101 compared the mass 
changes of Antarctic from CSR, JPL and GFZ , with 
the variations of -195. 7 ±20. 5 Gtla, -133. 2±29. 9 
Gt/a, -203. 8±23. 1 Gt/a, respectively. 
The uncertainty mainly relies on time spans and the 
Glacial Isostatic Adjustment ( GIA) models used. The 
mass loss of the entire AIS is mainly from the W A 
( West Antarctica ) and has the accelerated ice loss 
trend since 2006 1131 , especially from 2009 to 2012171 , 
while the mass changes in EA ( East Antarctica) have 
more uncertainties. 
In this paper, we will analyze the mass changes in 
Antarctic Peninsula ( AP, West Antarctica) , Amunds-
en Sea Embayment ( ASE , West Antarctica) , Lara-
bert-Amery System ( LAS , East Antarctica) and in 27 
drainage basins, including change rate and accelera-
tion, using the RL05 data of CSR ( Centre for Space 
Research) , JPL (Jet Propulsion Laboratory) and GFZ 
( GeoForschungsZentrum) . 
2 Theoretical backgrounds 
2.1 Basic formulae 
The mass change .1u on the Earth ' s surface can be de-
rived from the time-variable gravity model as fol-
lows[141 
• 
ap,nN- I 21+ 1-
..iu( 0,>..)= -3-,~m~o 1 +k1P1m( cosO) 
W,,m [ <lC,mcos( m>.) +<lS,.sin( m>.)] ( 1) 
where, p,,. is the Earth's average density (5517 kg/ 
m
3 ) , a denotes the semi -major radius of the Earth, 0 
and A are the co -latitude and longitude, N ~ is the 
maximum degree of the time-variable gravity model, 
P.,. ( cosO) represents the normalized associated Legend-
re function, k, is the lth Love number. ac ... and as ... 
are the time-variable Stokes coefficients with degree I 
and order m, W,,m is the Fan filtering function and re-
21+1 
elusively computed using Wt+t = --b-W1+Wt-t, Wm+t 
=-
2~+ 1 wm + wm-1 with the initial values w. = 1, w1 = 
1+e-u 1 
---- andb 
1-e-u b' 
fiJ.ter[ts,t6J. 
ln(2) . . 
( ) , r 1s the radius of Fan 1-cos ria 
.1u (O,J.. ,t)={30(0,J..) +{31(0,J..) (t-t0 ) + 
1 2 [ 2}32(0,J..)(t-t0 ) +f33(0,A)cos 2'1T(t-t0)+ 
cp1(0,A) ]";84(0,J..)cos[ 4'!T(t-t0 )+cp2(0,J..)] (2) 
where, {30 , {3 1 , {32 , {33 , f34 , cp 1 , cp2 are the parameters 
to be solved, {31 and {32 denote the change rate and ac-
celeration terms, {33 and {34 are the annual and semian-
nual terms, cp1 and cp2 are the initial phases, t is the 
epoch of time series in unit of year and t0 is the refer-
enced epoch 1 19 1 . 
2.2 Data used and filtering methods 
The latest RL05 version of monthly time-variable gravi-
ty ( TVG) data with spherical harmonic coefficients up 
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to degree and order 60, which has improved quality on 
spatial resolution, accuracy relative to old versions 
(e.g, RL04), were released by CSR, JPL and 
GFZ[ 20 ' 21 l. The RL05 data used in this work are 99-
month CSR data from January 2004 to June 2012, 98-
month JPL data from January 2004 to April 2012, and 
87 month GFZ data from January 2005 to June 2012. 
To remove north-south stripes and noise in these 
monthly TVG data, a strategy with two filter steps was 
applied. A de-correlation filter with P5M11 ( 5 degree 
polynomial fit treating with odd and even orders of the 
same degree from 11 to 60) and a Fan filter with half-
wavelength 300 km were used [ 16 •22 • 23 l . 
2.3 Areas analyzed 
The analyzed typical regions , as shown in figure 1 ( a) , 
are AP and ASE in W A, and LAS in the EA , the cor-
respondent areas are 0. 446x106 km2 , 1. 304xl06 km2 
and 1. 380x 106 km2 , respectively. ASE has frequently 
been selected as intensive study area and AP is known 
to be more sensitive to atmospheric warming[ 24 , 25 ]. The 
mass changes and surroundings of LAS are important 
for understanding the response of east Antarctica to 
present and future changes among temperature , atmos-
phere and ocean [26l. 
The analyzed 27 drainage basins data are presented 
in figure 1 (b) , which are divided by the Goddard Ice 
Altimetry Group from ICESat[ 27 • 28]. 
2.4 GIA model and GLDAS model 
The Paulson 2007 GIA model is adopted, which is also 
oo 
180° 
(a) Three typical regions (AP, ASE, LAS) 
filtered using the same 300 km Fan filtering and 
P5M11 de-correlation filtering as that of filtering the 
TVG data. The uncertainty of the model may be up to 
20% in the magnitude of the ice load[ 29 ' 30]. In the 
three typical regions, the GIA values all show positive 
trends. 
The mass change results might differ evidently when 
considering the leakage effect. For the sub-regions on 
the edge of Antarctica, the mass change results might 
differ evidently when considering the leakage effect. So 
here we use the GLDAS model to correct the leakage 
error[ 12, 31]. 
3 Mass change analysis 
3.1 Mass changes in AP, ASE and LAS 
Here , the area of each grid points on the region is ap-
plied as the weighting function. Figure 2 shows the 
monthly mass change series in AP, ASE and LAS, 
where the red solid line , the blue dashed line and the 
green dot line represent the mass changes derived from 
the RL05 data of CSR, JPL and GFZ, respectively. 
The annual variations of mass changes are all very clear 
in figure 2. In AP and ASE, the mass has been decrea-
sing on the whole from 2004 to 2012, and the mass 
changes are very similar for the CSR, JPL and GFZ 
data, especially for the CSR and JPL data. We can 
find from figure 2 that the trend of mass losses in AP 
and ASE are very significant , and are accelerated from 
2007 in AP and from 2006 in ASE , respectively. In 
oo 
(b) 2 7 drainage basins 
Figure 1 Three typical regions ( AP , ASE , LAS) and 27 drainage basins to be analyzed 
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Figure 2 Monthly mass changes in AP , ASE and LAS 
LAS , the mass changes are close to the change in AP , 
but much smaller than that in ASE, and without signif-
icant accelerations. 
We compute the mass change rates and accelerations 
in AP, ASE and LAS according to monthly mass chan-
ges in figure 2, and present the results in table1. The 
mass change rates in AP are - 12. 03 ± 0. 74 Gt/ a, 
-13. 92±2. 33 Gt/ a and -12. 28 ± 0. 76 Gt/ a respec-
tively for CSR , JPL and GFZ, and the correspondent 
accelerations are - 1. 50 ± 0. 25 Gt/ a 2 , - 1. 54 ± 0. 26 
Gt/ a2 and - 0. 46 ± 0. 28 Gt/ a2 • In ASE, the mass 
change rates are -89. 22 ± 1. 93 Gt/ a, -86. 28 ± 2. 20 
Gtl a and - 83. 67 ± 1. 76 Gt/ a, and the accelerations 
are - 10.03 ± 0. 65 Gt/a2 , -8. 74 ± 0. 74 Gt/a2 and 
-5. 69±0. 68 Gt/a2 for CSR, JPL and GFZ, respec-
tively. The mass loss rate in ASE is about three times 
of that in AP , and the acceleration in ASE is about 
twice of that in AP. Sasgen and others have reported 
that the mass change rates from 2002 to 2009 are 
-32. 3±3. 3 Gt/a in AP and -84. 1±5. 8 Gt/a in ASE 
from CSR RL04 data[lZ], which are consistent with our 
results very well. 
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Table 1 AP, ASE, and LAS mass change aualysis 
Area Agencies 
Mass change rate Acceleration 
( Gt/a) (Gt/a2 ) 
CSR -12.03±0.74 -1.50±0.25 
AP JPL -13.92±2.33 -1.54±0.26 
GFZ -12.28±0. 76 -0.46±0.28 
CSR -89.22±1.93 -10.03±0.65 
ASE JPL -86.28±2.20 -8.74±0.74 
GFZ -83.67±1.76 -5.69±0.68 
CSR -4.13±1.95 -0.18±0.62 
LAS JPL -7.29±2.84 3.55±0.95 
GFZ 1.20±1.35 0.97±0.49 
In LAS, the mass change rates derived from the CSR 
and JPL data are -4. 31 ± 1. 95 Gt/ a and -7. 29±2. 84 
Gt/ a with the accelemtions of - 0. 18 ± 0. 62 Gt/ a2 , 
3. 55±0. 95 Gt/a2 , while the mass change mte from 
GFZ data is 1. 20±1. 35 Gt/a, the acceleration is 0. 97 
±0. 49 Gt/ a2• Moreover, Sasgen and others have de-
rived almost the same mass change rate in LAS using 
errors-weighted values of CSR and GFZ RL05 data 
' 
which is about 3±6 Gt/a from 2002 to 2011 [8] and is 
' 
close to our result from GFZ data. While in the discus-
sion part of the paper, the value of LAS is -2±5 Gt/ a 
using errors-weighted values of CSR and GFZ RL04 da-
ta [331 and is close to our CSR and JPL results. The 
mass change of East Antarctica has more uncertainty , 
depending on the data it used , the GIA chose , the dif-
ferent data processing methods with the different agen-
cies and so on. Since the mass change mtes in LAS are 
with opposite trends between CSR JPL and GFZ 
' ' 
their uncertainties are even large , the results need to 
~ 100 ~-10~t ~ -200 
"il 0 ~ 100l 
f-100 
~ -200 
be further improved. 
3.2 Mass changes in 27 drainage basins 
The entire Antarctica region is divided into 27 drainage 
basins , of which 11 basins ( basin 1 and basins 18 -
27 ) are in W A and 16 basins ( basins 2- 17 ) are in 
EA. Figure 3 shows the monthly mass change series of 
each basin after its mean is shifted, in which seven ba-
sins ( basins 3 - 9 ) are of mass increasing, the rest 
twenty basins are of mass losing. The mass change rates 
and accelemtions of all 27 basins are demonstmted in 
table 2 together with the uncertainties estimated by 
least squares adjustment and the GIA model. The un-
certainty of GIA model is equal to ± 20% of GIA cor-
rection [JOJ • From table 2 we can see that the mass loss 
in 11 basins is over - 10 Gt/ a, and 7 of the basins 
(Nos.1, 18, 19, 20, 21, 22 24) are located in WA 
and south Antarctica. For the acceleration, ASE area 
(basins 19-23) showed an acceleration of mass loss 
' 
while the accelemtion is not significant in AP area from 
the West Antarctica. The changes of the ice-sheet mass 
trend and accelemtion of these areas are mainly caused 
by ice shelves melting[ 34J. 
For the East Antarctica, the mass loss acceleration is 
occurred in Wikes land (basin 13) , with the decelera-
tion ( plus sigh of the acceleration , decrease in mass 
loss) is observed for Dronning Maud Land and Enderby 
Land ( basins 5 , 6 , 7 ) . The interannual accumulation 
variations within the short observation are the main 
cause by comparing with RACM02/ ANT ( Regional 
Atmospheric Climate Model) [8J. 
BasinJ i 200f 
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Figure 3 Mass changes derived from the RI.05 data of CSR, JPL and GFZ 
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Table 2 Drainage basin mass changes derived from the RL05 data of CSR, JPL and GFZ 
Drainage CSR RI1l5 JPL RI1l5 GFZ RI1l5 
basins Change rate Acceleration Change rate Acceleration Change rate Acceleration 
NO. ( Gt/a) (Gila') ( Gt/a) (Gila') ( Gt/a) (Gila') 
-20.04±1.71 -3.94±0.57 -18.89± 1.89 -3.01±0.63 -17.15±1.29 -1.47±0.50 
2 -14.24±2.51 -1.56±0.60 -14.40±2.66 -1.00±0.89 -9.10±1.04 0.19±0.39 
3 1.72±3.68 -0.58±0.89 3.22±4.76 -0.38±2.34 5.52±0.26 -0.19±0.57 
4 5.37±0.83 0.06±0.20 4.33±0.92 -0.41±0.30 6.18±0.54 0.22±0.20 
5 4.03±0.69 0.37±0.17 3.28±0.71 0.34±0.23 5.04±0.47 0.43±0.17 
6 8.66±2.45 1.90±0.60 6.73±2.34 2.07±0.78 9.79±1.64 1.50±0.62 
7 6.77±2.09 1.49±0.50 4.27±2.03 2.29±0.68 6.94±1.26 1.52±0.47 
8 1.41±0.65 0.23±0.17 0.89±0.72 0.62±0.23 1.71±0.38 0.46±0.14 
9 0.58±0.56 0.07±0.14 0.16±0.57 0.48±0.20 1.08±0.33 0.28±0.12 
10 -3.39±1.77 -0.19±0.57 -5.92±2.67 2.48±0.89 0.02±1.23 0.40±0.44 
11 -1.32±0.59 -0.06±0.20 -1.53±0.77 0.59±0.26 0.10±0.44 0.27±0.17 
12 -2.16±1.82 -0.50±0.60 -1.59±2.07 0.71±0.69 0.02±1.32 0.52±0.50 
13 -14.09±3.09 -2.12±1.01 -14.66±3.50 -1.31±1.16 -12.33±2.12 -0.63±0.78 
14 -10.47±1.74 -1.18±0.59 -9.71±2.03 0.04±0.68 -8.70±1.41 -0.17±0.54 
15 -2.28±0.27 -0.12±0.09 -2.16±0.35 -0.06±0.12 -1.87±0.20 0.06±0.08 
16 -3.52±0.48 -0.16±0.17 -3.31±0.63 0.23±0.21 -2.62±0.38 0.06±0.15 
17 -30.42±3.90 -2.67±1.28 -30.25±5.12 -0.18±1.71 -18.07±1.47 0.46±0.57 
18 -11.34±0.83 -1.36±0.27 -11.51±1.17 -0.86±0.39 -8.77±0.47 -0.20±0.18 
19 -21.26±1.22 -2.71±0.41 -21.09±1.47 -2.07±0.50 -19.27±0.90 -1.22±0.35 
20 -15.47±0.80 -1.91±0.27 -14.97±0.86 -1.65±0.29 -14.73±0.71 -1.14±0.27 
21 -23.83±0.89 -2.32±0.30 -22.67±1.02 -2.17±0.35 -22.77±0.80 -1.52±0.30 
22 -18.93±0.78 -2.02±0.26 -18.25±0.83 -1.85±0.27 -17.86±0.95 -1.19±0.36 
23 - 9.73±0.44 -1.07±0.15 -9.30±0.45 -1.00±0.15 -9.04±0.50 -0.62±0.20 
24 -5.93±0.63 -1.04±0.21 -5.69±0.65 -1.00±0.21 -6.15±0.67 -0.54±0.24 
25 -1.34±0.12 -0.05±0.05 -1.35±0.14 -0.06±0.05 -1.32±0.11 0.05±0.05 
26 -3.38±0.32 -0.12±0.11 -1.30±0.24 -0.16±0.12 -3.34±0.27 0.15±0.11 
27 -1.38±0.20 -0.29±0.06 -5.58±2.22 -0.32±0.08 -1.47±0.21 -0.12±0.08 
3.3 Spatial distributions of mass change rate aod 
butions of acceleration are obviously different ( Figs.4 
acceleration 
(b) , (d) , (f) ) . Therefore, the derived mass change 
rates are more reliable than the accelerations. It should 
The spatial distributions of mass change rate and accel- be mentioned that mass change rate and acceleration 
eration are demonstrated in figure 4 in the form of e- from CSR data show the similar spatial distributions 
qui valent water height, which shows that mass are ac- ( Figs.4 (a), ( b ) ) . We should emphasize here that 
cumulating in north Antarctica, but losing in other are- not only the mass loss rate, but also the acceleration in 
as. The spatial distributions of mass change rate de- AP and ASE are significantly larger than that in other 
rived from the RL05 data of CSR, JPL and GFZ are areas. 
very similar ( Figs.4( a) , (c) , (e)) , but the distri-
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4 Conclusions 
This paper mainly investigates the mass changes in 
AP, ASE and LAS and in 27 drainage basins of Ant-
arctica by using the RL05 data from 2004 to 2012 re-
leased by CSR, JPL and GFZ. The mass change rates 
derived from the CSR, JPL and GFZ data are -12. 03± 
0. 74 Gt/a, -13. 92±2. 33 Gt/a, -12. 28±0. 76 Gt/a 
in AP, and -89. 22±1. 93 Gt/a, -86. 28±2. 20 Gt/a, 
-83. 67±1. 76 Gt/a in ASE, and -4. 31±1. 95 Gt/a, 
-7. 29±2. 84 Gt/a, l. 20±1. 35 Gt/a in LAS, respec-
tively. And the mass losses are significantly accelera-
ting in AP since 2007 and in ASE since 2006. 
The seven basins in north Antarctica are mass accu-
mulating; the rest twenty basins are mass losing. The 
mass loss is over - 10 Gt/ a in 11 basins , which are lo-
cated mainly in west and south Antarctica, especially 
in AP and ASE. By analyzing the spatial distributions 
of mass change rate and acceleration, we find that not 
only the mass loss rate , but also the acceleration in AP 
and ASE are significantly larger than that in other are-
as , and the derived mass change rates are more relia-
ble than the accelerations. 
Although CSR , JPL and GFZ gravity fields all used 
the same dynamic approach , we can see that there are 
still some differences in the results , especially between 
GFZ and the other two agencies. One of the main varia-
tions exists in the background of ocean tide models the 
gravity data used. CSR and JPL use the same ocean 
tide model that is GOT4. 8 model, whereas GFZ uses 
the different one called EOTlla model["l. Maybe it is 
the reason for the differences. Besides , how to process 
the models based on their own characteristics also need 
to be further studied. 
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